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Influence of unsaturated fatty acyl chains on the structure of lipid membranes
The phospholipids in bacterial and mammalian cell membranes usually contain saturated as well as unsaturated fatty acyl chains. Monounsaturated phospholipids are predominant, but lipids containing more than one double bond occur quite commonly.
The incorporation of a double bond introduces a rigid element into the otherwise flexible hydrocarbon chain and, furthermore, since double bonds are usually found t o be in the cis configuration, it prevents the chain from assuming a completely extended configuration. To present a detailed comparison between the chain ordering in a n unsaturated and a saturated bilayer and t o show how the influence of a local rigid element extends throughout the whole hydrocarbon region we have synthesized selectively 2H-labelled 2-oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine with the 2H label attached at 11 different positions of the palmitic acyl chain and a t six different positions of the oleic acyl chain (N. Waespe-SarEeviC & J. Seelig, unpublished work) . By using 'H n.m.r. (nuclear magnetic resonance) and spin-label e.p.r. (electron paramagnetic resonance) it is then possible to deduce the average chain conformation and the membrane fluidity from the 'H quadrupole splittings and the spin-label e.p.r. linewidth respectively. The results of these studies can be summarized as follows. First and most important, the incorporation of a double bond leads t o a general decrease in the hydrocarbon chain ordering in all parts of the bilayer compared with a fully saturated membrane. Second, the relative flexibility of the adjacent saturated hydrocarbon chain is more restricted in the vicinity of the double bond than further away from it. Third, the C=C bond vector of the cis-double bond is inclined at a n angle of 7-9" with respect to the bilayer normal. Finally, the increase in disorder caused by a cis-double bond seems to be accompanied by some increase in the membrane fluidity, i.e. in the rate of segment reorientation, at least as judged from the spin-label linewidth.
Orientation, conformation and dynamics of lipid head groups in membranes
The disposition of the polar groups in lipid bilayers has received a great deal of attention, since the physical and functional properties of bilayer membranes may depend on the nature of the electrostatic interactions. To understand these electrical 572nd MEETING, LONDON interactions quantitatively, knowledge of the exact orientation and flexibility of the polar groups is of considerable importance. Neutron diffraction combined with the use of selectively ZH-labelled lipids is a powerful technique to determine the average orientation of the polar head groups. Owing to the large difference between the coherent scattering length of 'H and 'H, the 2H-labelled segments show up as intense peaks in the neutron-density profile and can thus easily be located in the membrane. We have applied this method to bilayer membranes of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine, selectively 'H labelled at all three carbon segments of the choline moiety (Buldt et al., 1977) . The mean position of the 'H-labelled segments can be determined to a precision of better than aO.lnm (1A). The average orientation of the phosphocholine group in the gel state as well as in the liquid-crystalline state is found to be almost parallel to the surface of the membrane. This picture is supported and extended by 'H and 31P n.m.r. measurements on the same system (Gally et al., 1975; . The phosphocholine dipole is bent parallel to the membrane surface owing to a gauche-gauche conformation of the phosphodiester linkage. A completely flexible or a completely rigid head group structure can be excluded. The experimental data are, however, consistent with a model in which the head groups exhibit a restricted flexibility characterized by rapid transitions between two enantiomeric conformations. A similar result is obtained for bilayers of 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (Seelig & Gally, 1976 , again by using 'H and jlP n.m.r. spectroscopy and selectively ZH-labelled lipids. The phosphoethanolamine dipole is orientated parallel to the membrane and the n.m.r. data can be explained by assuming rapid jumps between two mirror-like conformations. The torsion angles of these conformations are very close to those derived by X-ray diffraction from single crystals of phosphatidylethanolamine (Hitchcock et al., 1974) . Addition of cholesterol has opposite effects on the hydrocarbon and polar regions of membranes: although cholesterol makes the hydrocarbon region more gel-like, the conformation of the polar head groups of phosphatidylcholine and phosphatidylethanolamine is very similar to that established for the liquid-crystalline phase of pure phospholipid bilayers (Brown & Seelig, 1977a,b) . On the other hand, binding of tervalent ions (Shift reagents) leads to distinct changes in the n.m.r. parameters of the phosphocholine group, which must be attributed to specific ion-induced changes in the head-group conformation (Brown & Seelig, 1977b ).
Conformational differences between the two fatty acyl chains of a phospholipid molecule: a general feature of membrane organization X-ray studies of single crystals of racemic dilauroyl phosphatidylethanolamine bilayers have demonstrated that the two fatty acyl chains of the same phospholipid molecule, though chemically identical, assume different conformations in the bilayer crystal (Hitchcock et al., 1974) . The beginnings of the two chains are orientated perpendicular (chain 1) and parallel (chain 2) to the bilayer surface. (The notation follows the stereospecific numbering convention and indicates that carbon atom of the glycerol backbone to which the particular hydrocarbon chain is attached.) In the crystal, chain 1 has an almost perfect all-trans-conformation, whereas chain 2 is bent at the C-2' atom of the fatty acyl chain and runs parallel to chain 1 from thereon. Since the X-ray results were obtained with single crystals of a racemic phospholipid which was furthermore crystallized from acetic acid, it could be argued that these conformational differences between the fatty acyl chains are the exception rather than the rule. However, evidence obtained in our laborsory by using neutron diffraction and ' H n.m.r. leads to a rather similar picture for a variety of different phospholipids, regardless of whether the bilayer membrane is in the rigid gel state or in the fluid-liquid-crystalline state. First, neutrondiffraction studies of selectively 'H-labelled 1,2-dipalmitoyl-sn-glycero-3-phosphocholine in the gel state (5-6% water, by wt., t r20"C) reveal that in this bilayer the two hydrocarbon chains are out of step by about 0.19nm 1.9A) (Buldt et al., 1977) . The of the bilayer than the corresponding C-2' segment of chain 1, so that hydrocarbon C-2' segment of fatty acyl chain 2 is about 0.19nm (1.9 s ) further away from the centre Vol. 6 chain 2 is shifted closer t o the membrane surface, in agreement with the single-crystal study mentioned above. Second, the *H n m r . spectra of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine bilayers in the liquid-crystalline state [SO % water; by wt., t (transition temperature) > 41 "C] are characterized by quite different quadrupole splittings for the C-2' segments of the two fatty acyl chains, whereas the quadrupole splittings of all the other corresponding segments is rather similar . A quantitative analysis of the 'H data shows that in most parts of the liquid-crystalline bilayer both fatty acyl chains are extended perpendicular t o the bilayer surface, except for the beginning of chain 2, which has a n average orientation parallel to the bilayer surface. Third, the 'H n.m.r. spectra of the unsaturated lipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (50% water, by wt., t >-S"C, liquid-crystalline state) and of 1,2-dipalrnitoyl-sn-glycero-3-phosphoethanolamine (50 % water, by wt., t > 63"C, liquid-crystalline state) (J. Seelig, unpublished work) follow the same pattern as described for 1,2-dipalmitoyl-sn-glycero-3-phosphocholine. Finally, the conformational differences between the two hydrocarbon chains are not eliminated by addition of up to 50mol% of cholesterol to bilayers of 1,2-dipalmitoyl-sn-glycer0-3-phosphocholine or 1,2-dimyristoyl-sn-glycero-3-phosphocholine (Haberkorn et af., 
1977).
Lipid organization in Escherichia coli membranes E. coli fatty acid auxotrophs have been grown on media containing trans-hexadec-9-enoic acid, trans-octadec-9-enoic acid and trans-[9,10-zH]octadec-9-enoic acid (in collaboration with P. Overath, Tubingen, Federal Republic of Germany). The physical properties of the E. coli membranes and derived liposomes has been monitored using 'H and 31P n.m.r. as spectroscopic tools. Neutron-diffraction studies on the selectively zH-labelled lipids have also been initiated. This work was supported by the Swiss National Science Foundation grant no. 3.008.76.
